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Abstract
Very different carbon materials have been used as support in the preparation of Supported Ionic Liquid Phase samples (SILP). Some of them have been oxidized, either strongly (with ammonium persulfate solution) or weakly (with air at 300 ºC, 2h). The purpose is to establish which properties of the supports (e.g., porosity -volume and type-, surface area, oxygen surface chemistry and morphology) determine the IL adsorption capacity and the stability (immobilization) of the supported IL phase. The ionic liquid used in this work is 1-butyl-3-methyl-imidazolium hexafluorophosphate ([bmim] [PF 6 ]).
For each support, samples with different amounts of ionic liquid have been prepared.
The maximum IL that can be loaded depends mainly on the total pore volume of the supports. For comparable pore volumes, the porosity type and the oxygen surface content have no influence on the IL loading. The supported IL fills most of the pores, leaving some blocked porosity. The stability of the supported IL phase (especially important for its subsequent use in catalysis) has been tested in water under general hydrogenation conditions (60 °C and 10 bar H 2 ). In general, leaching is low but it increases with the amount of IL loaded and with the oxidation treatments of the supports.
Introduction
Ionic liquids (ILs) are low melting point salts that have interesting properties as solvents because of their negligible vapor pressures and the ability of solving many different substances. Besides, the wide range of possible combinations of cations and anions implies that other solvent properties may be easily controlled. Hence, there is currently great interest in the use of ILs for many applications, including catalysis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In particular, applications of ILs in the chemical industry have been recently reported [11] .
Immobilization of ILs on solid supports may improve their applicability in industrial processes. Preparation of a supported ionic liquid phase (SILP) on several polymeric [12, 13] and inorganic supports [14] [15] [16] has been the subject of several recent research works.
In the field of catalysis, SILP systems (known as SILC (supported ionic liquid catalysis)) are particularly interesting due to several attractive advantages, which, as indicated by Selvam et al. [16] , are: (i) concomitant use of ILs, (ii) high catalytic activity owing to a uniform distribution of catalytic active species within the SILP, and (iii) easy separation from the reaction products for further reusability.
Although less investigated, carbon materials are, as well, suitable supports for SILP systems in general, and for SILC systems in particular. This is because they can be prepared with large surface areas, tuned porosity and variable surface chemistry. This allows, thus, a broad variety of arrangements and interactions of the IL within the support surface. There are some works dealing with SILP systems based on carbon materials using for example a carbon cloth [17, 18] , carbon nanofibres that cover sintered metal fibres [19] , commercially available mesoporous and microporous carbon beads [20] , commercial activated carbons [21] and carbon nanotubes [22] [23] [24] [25] .
Beyond the development of SILP catalytic systems, the adsorption of IL on carbon materials has potential uses in other application areas like EDLC (Electric DoubleLayer Capacitors) or the removal of IL from aqueous effluents, in which activated carbon has been used [26] .
Understanding the adsorption process and the interactions of ionic liquid with carbon materials is of the outermost importance to develop applications of carbon based SILP systems, and thus, it is very interesting to determine the effect that the carbon characteristics might have on the supported ionic liquid. Besides, it should be taken into account that most of works dealing with SILP systems define them as an "adsorbed film" or as a "coated surface". However, in the particular case of porous carbon supports, it must be analyzed if the supported IL constitutes a film or it fills the porosity.
Lemus et al. [21] have addressed the topic of carbon based SILP systems using three commercial activated carbons. After a complete characterization of supports and SILP samples, they conclude that there is a relationship between the total pore volume and the IL loading and a negative effect of the support acidity on the thermal stability of the SILP sample.
The present work deals with the preparation of SILP samples using as support several carbon materials of very different surface area, pore structure (volume and type), surface chemistry and morphology. The purpose is to establish which of the mentioned properties of the support determine its IL adsorption capacity and the stability (immobilization) of the supported IL phase, especially for a subsequent use in the field of catalysis in liquid phase.
Experimental

2.1.
Carbon materials
To cover a wide range of support properties (porosity, surface chemistry and morphology) the following carbon materials have been used in this work:
GeA: Spherical shaped activated carbon material prepared from a phenolic resin by Gun-ei Chemical Industry (Japan). The spheres have an average diameter of 150 µm.
KA: Spherical shaped activated carbon material produced from petroleum pitch by Kureha Corporation (Japan). The spheres have an average diameter of 780 µm.
T: Carbon black T-10157 from Columbian Chemical Company (USA).
SA: Powder activated carbon SA-30 from MeadWestvaco (USA).
BPS: Activated carbon produced from an agricultural waste (Colombian banana pseudostem) by chemical activation with H 3 PO 4 as described in [27] . The effect of the oxidation treatments carried out has been analyzed by determining the amount of oxygen surface groups present in both, the pristine and the oxidized CMs.
Such analysis has been assessed by temperature programmed desorption experiments [32] [33] [34] under the following conditions: the samples were heated in helium flow (100 cm 3 /min) at 10 °C/min up to 1000 °C in a thermobalance TG-DTA (Mettler Toledo) coupled to a mass spectrometer (Thermostar GSD301T of Pfeiffer Vacuum). In this way, the mass loss due to decomposition of surface oxygen groups and the simultaneous evolution of CO and CO 2 have been recorded.
Preparation of IL/CM samples
The ionic liquid used in this work is 1-butyl-3-methyl-imidazolium [29] . The isotherms of samples T, SA and BPS are type I+IV, characteristic of samples with micro and mesoporosity [29] whereas the N 2 isotherm of sample C OH is type II, indicating the formation of adsorbed layers and capillary condensation in mesopores. Table 1 shows a summary of some textural properties of the original carbon materials calculated from N 2 adsorption at -196 °C and CO 2 adsorption at 0 °C data as indicated in the experimental section. Data of Figure 2a and Table 1 confirm that the supports used in this work have a broad variety of textural properties. Samples KA and GeA are essentially microporous while samples T, SA and BPS contain a significant amount of both micro and mesopores. The carbon nanotubes, sample C OH , can be considered as basically mesoporous. Figure 3 presents an example of the CO 2 and CO desorption profiles (Figures 3a and 3b, respectively) obtained in typical TPD experiment runs. This example corresponds to sample KA and the two oxidized samples obtained from it (samples KAS and KAOx2).
Oxygen surface chemistry
The TPD profiles of the other samples are those expected according to the nature of the carbon materials and/or the activation methods and treatments used [34] [35] [36] [37] [38] .The amounts of CO 2 and CO evolved (in µmol/g) have been assessed from the TPD profiles and data are collected in Table 2 together with the corresponding total amount of atomic oxygen (calculated from the amount of CO 2 and CO evolved) expressed as wt %. It can be seen that samples SA and BPS have a much higher amount of oxygen surface groups than the rest of samples. Such difference is expected considering that both samples have been prepared by phosphoric acid activation [27, 36] . As expected, data of Figure 3 and Table 2 show that the oxidation treatments carried out increase the surface oxygen contents of the oxidized samples. However, both oxidizing treatments lead to very different surface chemistry; the treatment with the ammonium persulfate solution results to be much more drastic than the treatment with air (see the case of KA, Figure 3 and Table 2 ). Thus, the oxidation with ammonium persulfate solution, contrarily to what happens with air, produces a larger development of surface oxygen complexes in both samples and quite different CO 2 and CO evolution profiles (indicative of different oxygen functionalities) [32] [33] [34] 38] . Thus, it should be pointed out that the treatment with ammonium persulfate solution produces in both samples a selective formation of oxygen groups that decompose as CO 2 below 400 °C, evidenced by the sharp band centered at about 275 °C (Figure 3a ) that is assigned to decomposition of carboxylic type groups [37, 38] .The oxidizing treatment with air produces a much slight increase and modification of the oxygen surface groups that decompose as CO 2 above 500 °C (see Figure 3 and Table 2 ).
In summary, the oxygen surface chemistry of the supports used (starting samples and the oxidized ones) differs widely in, both, the surface oxygen content and the nature of these oxygen surface groups. Therefore, the series of samples used will allow analyzing the effect of the oxygen surface chemistry on the IL loading and on the stability of the IL/CM samples.
IL/CM samples
All IL/CM samples prepared are collected in [39] and as the volume of ionic liquid related to total pore volume (α IL (%)). As indicated before, data of Table 3 have been determined by the difference of the sample weight with and without loaded IL and, in some cases, these results have been contrasted with determinations by elemental analysis and TG measurements, and a good data concordance has been obtained, in agreement with [21] .
The maximum amount of IL that can be loaded in a given sample (i.e., keeping a dry appearance) is identified in Table 3 by the underlined name. It can be seen that there are samples with quite different maximum amounts of loaded IL: from 20 wt% to 70 wt%.
As it will be discussed later, the highest amount of ionic liquid that can be loaded on a given carbon support depends on its porosity and co-relates very well with the sample pore volume. For all the samples studied, the onset temperature for the decomposition of the supported ionic liquid is around 400 °C, similar to the reported data for the same unsupported IL [40] . It must be mentioned that this parameter is very sensitive to the TG experimental conditions, and values that differ up to 50 °C can be obtained [40] .
Interestingly, the IL weight-loss data assessed from TG profiles similar to those of In this case, the interaction of the IL with the support surface would depend on the extent of the reaction shown in Figure 5 that would, as well, cause that the oxygen decomposition patterns (e.g., CO 2 ) be different, making more complex the TG profile and its interpretation. In any case, these TG profiles seem to confirm that such interaction between the ionic liquid and some surface oxygen groups takes places.
Additionally, the fact that this effect has not been observed with other samples (including those oxidized with air) supports the proposed reaction with the carboxylic type oxygen groups.
Besides, it can be added that other modifications of the surface oxygen complexes by effect of IL could take place (for example dissociation of associated hydroxyl groups or dissolution of easily reductive groups) [41] ; and also that reactions between IL and surface oxygen groups can occur under temperature programmed experiments. These facts contribute, as well, to the complexity of the TG profile. As the IL loading increases, the adsorption capacity decreases and it becomes nil in the case of the maximum IL loading (sample GeA-50). A similar behavior is observed for all the other samples. The almost suppressed N 2 adsorption with the maximum IL loading suggests that the IL either completely fills the porosity or it produces some pore blockage. That is, depending on the amount of IL loaded, part of the pore volume might not be accessible to N 2 , both because it is occupied by the ionic liquid and/or because the access of gases to some porosity is impeded by pore blockage.
3.4. Porosity of IL/CM samples with the highest IL loading. Figure 7 presents the pore volume occupied by the maximum amount of loaded IL (using a density value of 1.37 g/cm 3 ) versus the total pore volume of the different supports studied (line a). This nice, and reasonable, correlation confirms the reliability of the procedure used to assess the maximum loading (keeping a dry appearance) which is only an approximate procedure.
It must be mentioned that a representation of the maximum volume of loaded IL against the BET surface area of supports does not lead to a correlation between both parameters. Thus, the significant textural parameter of supports is pore volume and not surface area.
In order to deep into the porosity of samples containing the maximum IL (assessed by N 2 adsorption), as well as into the reliability of Figure 7 , the following data are collected in Table 4 : Column-1) the total pore volume of the support and of the corresponding IL/CM sample (underlined name means sample with the maximum IL loading); column-2) the "not accessible pore volume" calculated as the total pore volume of the support minus the total pore volume of the IL/CM sample; column-3) the volume of the loaded IL (see Table 3 give density values of about 1.50 g/cm 3 [43] . Blocked porosity could be also calculated with the volume of loaded IL determined with 1.50 g/cm 3 instead of 1.37 g/cm 3 giving higher values (from 20% to 60% of the total pore volume). However, data in Table 4 (calculated with d=1.37 g/cm 3 ) allow to have a closer view of the samples at room temperature. 1-Total pore volume, determined by the amount adsorbed at P/P 0 =0.99 in the N 2 adsorption isotherm at -196°C 2-Pore volume not accessible to N 2 determined as total pore volume of support CM minus total pore volume of sample IL/CM (underlined name means sample with the highest IL loading). 3-Amount of IL in samples IL/CM (data from Table 3 ). 4-Calculated by difference of columns 2 and 3. In brackets: percentage of the support total pore volume, that is (blocked porosity (cm 3 /g)/support total pore volume (cm 3 /g))*100
Assuming that the "dry appearance" procedure used to determine the maximum amount of IL is reliable and that the volume of the IL will not change during the N 2 adsorption due to the low temperature used (-196 °C), the following comments can be extracted from data of Table 4 :
-In general, the "not accessible pore volume" is very similar to the total pore volume of the parent support confirming that the samples have been almost filled with the IL without losing the dry aspect.
-The maximum IL loading depends on the total pore volume, regardless the isotherm shape (type I or type IV), that is, independently of the type of porosity and of the pore size distribution.
-In all cases there is some blocked porosity, that is, porosity not occupied by IL but not accessible to the gaseous adsorbate. The blocked pore volume varies for the different supports.
-In general, the effect of the oxidation treatments is manifested through the porosity variation produced, that is, the reduction of the pore volume leads to a lower IL loading. However, in the case of sample KAOx2-40, the blocked porosity is less than in the original support, while in sample KAS-20 it is much higher. This effect can be due to some effect of the surface chemistry, which in the latter (ammonium persulfate oxidation) is quite different and can even produce additional changes in the pore structure.
-The presence of blocked porosity means that the IL could not form a continuous layer on the support inner surface.
Palomar et al. [26] already proposed the presence of blocked porosity in the case of IL adsorbed (from aqueous effluents) in a commercial activated carbon. Table 4 , that is with loaded IL volume calculated with d=1.37 g/cm 3 ) versus the total pore volume of the support.
There are two samples with a significant relative amount of blocked porosity (Table 4) :
KAS-20 (51%) and C OH -40 (44%). In the case of the carbon nanotubes, it can be explained by the particularity of the pore structure in which the tubular channels are likely not filled. On the other hand, sample KAS is essentially microporous and the extensive surface chemistry can partially hinder the access of the ionic liquid to the narrow porosity.
3.5. Porosity filling in samples with IL loadings lower than the maximum one
Samples with an IL loading lower than the maximum one have been also characterized by gas adsorption. Blocked porosity has been determined by data analysis similar to the one presented above. Figure 8 shows the calculated blocked porosity (as % of the total pore volume of the support) of IL/CM samples with the highest IL loading and those of the same series with the immediately lower loading. It has to be noted that in all cases, except in carbon nanotubes, the blocked porosity decreases with increasing the IL loading. This observation, contrarily to what would be expected, indicates that as more IL is loaded, it is forced to better penetrate into the sample porosity, leading to a lower blocked porosity. In the case of sample C OH , however, as the amount of loaded IL increases more pores became blocked. concluding that the IL is retained similarly by micro-and mesoporosity.
Regarding the behavior of sample C OH -40, it has been observed that the particular porous structure (external mesoporosity), morphology and size of support C OH , leads to a very high leaching, revealing a very weak interaction of the IL with the surface of this carbon material, supporting, thus, the idea that the IL has no access to the tubular inner cavity.
Leaching of IL from the carbon porosity can be explained considering the affinity of the IL for both, the support, in which the liquid-solid equilibrium is involved, and for the solvent, determined by the liquid-liquid equilibrium.
Regarding the liquid-solid equilibrium two aspects must be considered: i) likely the IL loading of some samples is higher than that corresponding to the equilibrium. For example, Palomar et al. [26] have found that the adsorption capacity of a commercial activated carbon of 927 m 2 /g for [bmim] [PF 6 ] from an aqueous solution is about 1 mmol/g, which corresponds to only 0.21 cm 3 /g. ii) As reported by the same authors [26] , the adsorption capacity of an activated carbon for ILs in aqueous solution decreases as the temperature increases. As the temperature of the stability test (60 °C) is higher than the one used in the preparation (room temperature), the equilibrium amount of adsorbed IL is lower in the first case. Table 5 ) revealing that the interaction of the IL with the porous support has an important effect.
In any case, as for application in catalysis leaching has to be negligible, it is necessary to look for an even more stable system, in which the interaction of the IL with the support be stronger, like that achieved with a covalent anchoring.
Conclusions
The immobilization of the ionic liquid [bmim] [PF 6 ] (1-butyl-3-methyl-imidazolium hexafluorophosphate) on porous carbon materials has been investigated using a series of supports with a broad variety of textural, chemical and morphological properties. Some of them have been oxidized, either strongly (with ammonium persulfate solution) or weakly (with air at 300 ºC, 2h). The maximum amount of IL that can be loaded depends on the total pore volume of the supports, and neither the porous structure nor the oxygen surface chemistry play a significant role. N 2 adsorption data reveal that IL/CM samples with the highest IL loading do not have accessible pore volume meaning that, in fact, the maximum loading has been reached. With the investigated loadings, the supported IL largely fills the pores, but leaves some blocked porosity; and the system should not be considered as a supported film. Leaching in water under general hydrogenation conditions is in general low, but it increases with the amount of IL loaded. The oxidation treatments of the supports lead to less stable samples.
